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Abstract 
Fe-6.5wt%Si steel surpasses the current extensively used Fe-3.2wt%Si steel in lower iron loss, higher permeability, 
and near zero magnetostriction. As a cost effective soft magnetic material, Fe-6.5wt%Si may find applications in 
motors, transformers, and electronic components. However, the brittleness of the alloy poses processing 
challenges. The brittleness in Fe-6.5wt%Si is attributed to the formation of ordered phases. Evaluation of the 
amount of ordered phases is important for the research and development of Fe-6.5wt%Si. This paper aims to find 
effective ways to evaluate the ordering degree through a comparison of various characterization techniques. In 
order to tune the ordering degree, various speeds were used to prepare Fe-6.5wt%Si samples via melt spinning. 
The varying wheel speed changes the cooling rate, which was confirmed by thermal imaging. In addition to the 
widely used TEM and normal theta-2theta X-ray diffraction methods,  two quantitative methods were adopted for 
this Fe-6.5wt%Si system to study the ordering degree. One method is based on rotating crystal XRD technique, and 
the other is magnetic thermal analysis technique. These two methods effectively quantified the varying degree of 
ordering presented in the samples and were deemed more suitable than the TEM, normal theta-2theta XRD 
methods for Fe-Si due to their ease of sample preparation and short turn-around time.  
Keywords: silicon steel, ordering, melt spinning, transmission electron microscopy, magnetic thermal gravimetric 
analysis   
1 Introduction 
Fe-Si alloy, or so-called electric steel or silicon steel, has been the primary material for the low frequency soft 
magnetic applications since it was first developed more than 100 years ago [1]. Nowadays, the market share of Fe-
Si accounts for almost half of the total market share of soft magnetic materials [2]. Fe-Si is especially popular in the 
application of motors, generators, transformers, and inductors [3]. The nowadays popular Fe-Si contains up to 
3.2%Si. Further increase in silicon content results in a further increase in electric resistivity [4], making high silicon 
steel more favorable for higher frequency applications [5]. It was found that 6.5%Si addition is especially attractive 
due to its high permeability, zero magnetostriction, and low iron loss. However, Fe-6.5%Si lacks sufficient ductility 
to be processed by existing manufacturing processes, i.e. cold rolling, due to the formation of ordered phases.  
The ordered phases form due to the preferred pairing of iron and silicon atoms when silicon concentration is 
increased. In the traditional Fe-3%Si low silicon steel, silicon atoms distribute randomly into the A2 body centered 
cell of iron atoms across all temperatures up to melting point. When silicon content increases beyond ~5%, nearest 
neighbor pairing occurs, resulting in the formation of B2 phase [6, 7]. Further increase in silicon content beyond 6% 
results in additional next-nearest-neighbor pairing, forming D03 phase. The presence of ordered phases interact 
with the dislocations resulting in a strengthening effect, and dramatically reduces the ductility of the alloy.  
To prepare ductile thin sheet of Fe-6.5%Si for soft magnetic applications, the ordered phases have to be 
suppressed. The reported thermomechanical processing [8, 9], rapid solidification/melt spinning [10-18], and 
deposition/diffusion annealing [19-21] were found successful in the lab scale only because the formation of 
ordered phases were carefully controlled. The amount of ordered phases or ordering degree is therefore vital for 
the success of Fe-6.5%Si production, and should be a parameter closely monitored. However, normal x-ray 
diffraction using the Bragg-Brentano geometry does not work well in the quantification of these phases due to the 
low intensities of the superlattice peaks belonging to the ordered phases. Transmission Electron Microscopy (TEM) 
Selected Area Diffraction (SAD) along certain zone axes can be used qualitatively to visualize the occurrence of 
ordered phases, but the diffraction spots lack the quantitative information. In addition, the high cost and long time 
of TEM sample preparation prohibit a large number of Fe-6.5%Si samples to be examined on a regular basis.  
The current study validated two methods that can efficiently identify the ordering degree in melt-spun Fe-6.5%Si. 
One is rotating crystal transmission XRD, and the other is thermogravimetric analysis with applied magnetic field 
(M-TGA). In the rotating crystal transmission XRD set up uses a Mo source collimated X-ray beam to irradiate the 
ribbon sample and registers the diffracted beam by a 2-dimensional image plate to achieve high intensity levels. 
The ribbon sample is fixed onto a eulerian cradle and rotates on the axes of the cradle during scanning to minimize 
the contribution from texture. The M-TGA records the mass loss of the ribbon sample in the magnetic field while 
being heated up in an inert atmosphere. The relative intensities of the peaks from the ordered phases in the 
rotating crystal transmission XRD and relative mass loss in the M-TGA are used to evaluate the ordering degree. A 
number of samples with varying degrees of ordering were prepared by melt spinning with various wheel speeds 
while keeping all other parameters constant. The ordering degree was quantified by the rotating crystal XRD 
method and the M-TGA method. The occurrence of ordered phases was also examined by TEM SAD technique and 
synchrotron XRD technique, and correlated with the proposed quantitative characterization methods.  
2 Experiments 
The Fe-6.5%Si samples for this study were prepared by melt spinning. Prior to the melt spinning, the samples were 
alloyed by arc melting and drop cast into ~6 gram cylindrical shots. The melt spinning was performed in a vacuum 
chamber partially filled with 1/3 atm of ultra high purity helium. The sample was heated to 1590°C in a quartz 
crucible before it was ejected through a 0.81 mm precision orifice onto a 2.5 cm wide by 25 cm diameter copper 
wheel using 120 Torr overhead pressure. The temperature of the melt was monitored by two color optical 
pyrometer. The wheel speed of the copper wheel was precisely controlled and monitored by motor control system.  
Wheel speeds of 1 m/s, 3 m/s, 5 m/s, 7 m/s, 10 m/s, 20 m/s and 30 m/s were used to prepare the samples with 
varying degrees of cooling. A thermal camera, FLIR A8303sc, was set up to record the ribbon surface temperature 
through a sapphire window during the melt spinning process. A schematic of the melt spinning set-up with the 
thermal camera location is shown in figure 1a. The thermal camera has a frame rate of 60.9 Hz, a resolution of 
1920 x 1080, and a pixel size of 0.7 mm. For each frame, a thermal profile between two points of 500°C and 1300°C 
along the ribbon is obtained. This spatial thermal profile was then converted to a temporal thermal profile by 
converting the pixels to distance, then the distance to time. A single cooling rate was calculated for each frame 
assuming a linear change in temperature from the thermal profile. Multiple frames were used to acquire the 
average cooling rate for each wheel speed.  
XRD patterns of the samples were collected from the ribbon using Cobalt radiation via the Bragg Brentano 
geometry with a Philips PANalytical X-Pert Pro diffractometer. The samples were placed on a zero-background 
sample holder for improved signal quality at low 2theta angles.  
High-energy X-ray diffraction was conducted at the Advanced Photon Source (APS) of Argonne National Laboratory 
at beamline 6-ID-D. A GE amorphous silicon detector with 2048x2048 pixel array (200x200 µm2 pixel size) was 
positioned 1159.5 mm behind the sample to collect 2D diffraction patterns. Monochromatic X-rays with energy of 
100.25 keV (corresponding to a wavelength of 0.12365Å) were used for the experiments that were performed in 
transmission mode. For each wheel speed, five samples were stacked and secured against a hole in an aluminum 
plate where the incident beam passes through. The exposure time for each specimen was 0.5 seconds. The relative 
intensity versus scattering vector Q plot was generated integrating the 2D patterns acquired over the entire 360°. 
Lamellae for TEM were lifted out from the wheel side of the samples by focused ion beam (FEI Helios NanoLab 
Dual-beam). TEM (FEI Tecnai G2-F20) selected area diffraction was performed under the accelerating voltage of 
200 kV with a field emission gun along the <110> zone axis.    
The rotating crystal transmission XRD was done on a single crystal x-ray diffractometer (STOE IPDS, STOE & Cie 
GmbH) with Molybdenum source. A collimated X-ray beam with a spot size of 0.5 mm was used to irradiate the 
sample, and a 2D image plate was used to collect transmitted diffracted x-rays. The sample was mounted in the 
eccentric point of an Eulerian cradle with χ angle and φ angle fixed at 45° and 0° respectively. The ω angle was 
changed from 0 to 180° during the 10 minute scan, while the X-ray tube and the image plate stayed stationary as 
shown in figure 1b. The intensities of the rings were then integrated over the entire circle to generate the intensity 
versus 2θ plot for evaluation of relative intensities.  
Thermogravimetric analysis was done using a Netzsch STA instrument with two magnets mounted beneath the 
sample pan. The magnets attract the sample adding to the apparent weight measured by the balance below the 
sample pan. The samples were heated to 800°C then cooled to room temperature with the heat/cool rate of 
10°C/min. The magnetic moment vs. temperature measurement was done using  Vibrating Sample Magnetometer 
(VSM) (Versalab, Quantum Design, Inc.). The samples was glued onto a heater stick by alumina cement and heated 
in the VSM chamber in vacuum at 1 Tesla filed for the measurement.  
 
Figure 1. (a) Schematic showing the melt spinning set-up and the location of the thermal camera; (b) Schematic 
showing the experimental set up for the rotating crystal transmission XRD. The χ angle and φ angle was fixed at 45° 
and 0° respectively. The ω angle was changed from 0 to 180° during the 10-minute scan, while the X-ray tube and 
the image plate stayed stationary. 
 
3 Results and discussion 
3.1 Cooling rate analysis 
By tuning the wheel speed, a number of different extent of cooling has been achieved. According to the thermal 
imaging data acquired, the cooling rates decrease with decrease in wheel speeds, and range from 106 K/s for 
30m/s samples to 104 K/s for 3m/s samples. The cooling rates match well with the rates reported earlier on Fe-Si-B 
alloy using the same instrument where the cooling rates were 5.2x106K/s at 20m/s and 4.5x105K/s at 5m/s wheel 
speeds. The average cooling rate experienced by the ribbon can be expressed by the following equation [22]:  
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where  is the heat transfer coefficient, 	  is the initial temperature of the ribbon and  is the temperature of the 
wheel,	,  and  are the thickness, density and heat capacity of the ribbon formed respectively.  
For a given material, the cooling rate is controlled by thickness  and heat transfer coefficient	. The thickness  is 
dependent on the wheel speed  by volumetric flow rate of the melt from the nozzle Q according to [22] 
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With the charge mass, melt temperature, melt spun tube orifice diameter, ejection pressure, and chamber 
pressure held constant, the volumetric flow rates Q for all melt spinning runs remain the same. According to 
equation (2), changing the wheel speed results in the change in thickness of the ribbons. The change in thickness of 
the ribbons, in turn, results in change in the cooling rates obtained according to equation (1). Changing the wheel 
speed effectively alters the thickness of the acquired ribbon [22] as shown in figure 2. The change in thickness of 
the ribbons results in an expected change in the cooling rate.  
 
 
Figure 2. Plot of ribbon inverse thickness (left) and the cooling rate (right) as a function of the wheel speed.  
3.2 θ - 2θ XRD analysis: 
The θ - 2θ scan XRD patterns are shown in figure 3. The patterns reveal the major peaks belonging to the body 
centered cubic (BCC) crystal lattice that is present for all the three phases. In Fe-6.5%Si, all three phases A2, B2, 
D03 share the body centered (or the like for D03) crystal structure. One can think of a superlattice structure 
consisting of 16 atoms from 8 BCC cells piled together to better understand the B2 and D03 ordering phenomena 
[23]. A2 is the solid solution phase, where the Fe and Si distribute randomly in all the BCC lattice sites. As a result, 
the only allowed reflections in the XRD pattern for A2 phase are the planes that have the sum of miller indexes to 
even number. B2 ordering occurs when the atomic percentage of Si is 6.25 at% (Fe:Si ratio is 15:1) where there will 
be 1 silicon atom in the 16-atom superlattice structure. The silicon atom tends to occupy one of eight body 
centered sites on this superlattice with the formula of Fe15Si1 [23]. Due to the dissimilar atoms present in the BCC 
lattice, forbidden planes start to appear in the XRD pattern such as (100) planes at ~37.12° 2θ angle using Co 
radiation. The XRD pattern will match that of B2 type crystal structure with CsCl prototype. Please note this is not 
be confused with FeSi phase, as FeSi (Fe:Si ratio is 1:1) forms B20 structure instead. D03 ordering occurs when the 
atomic percentage of Si is 12.5 at% (Fe: Si ratio is 14:2) where there will be 2 silicon atoms in the 16-atom 
superlattice structure. The two silicon atoms are likely to occupy two of the eight body centered sites to the next-
nearest-neighbor on this superlattice with the formula of Fe14Si2 or Fe7Si [23]. D03 has unique superlattice planes 
(111) and (200) appearing at the 2θ angle of 31.74° and 36.82° in the Co radiation XRD pattern. This XRD pattern 
matches that of D03 type crystal structure the same as that of Fe3Si. Stoichiometry Fe3Si phase forms when Si 
content is increased to 25 at% (Fe:Si ratio is 3:1) where all the four next-nearest-neighbor body centered sites are 
occupied by Si. Fe-6.5wt%Si (having Si content 12.1 at%) alloy lies in the two phase region between B2 and D03 
below its Curie temperature.  
Comparing the major peaks, these superlattice peaks have small intensities, being less than 3% for B2, and less 
than 6% for D03. Using the normal θ - 2θ XRD technique is, therefore, difficult to quantify the amount and even the 
presence of B2 and D03, especially for rapidly quenched samples. The XRD patterns have been refined for the BCC 
crystal lattice parameters. The lattice parameters stay around 2.854 to 2.856 Å, matching the values fitted for 6.5% 
silicon steel [24, 25]. It was shown that rapid solidification may result in expansion of the crystalline lattice 
compared with the corresponding equilibrium BCC lattice [24]. However, the cooling rates achieved in the melt 
spinning process in this study do not seem to systematically affect the BCC crystalline lattice parameters. 
Efforts have been made to identify the presence of B2 and D03 with prolonged scans of the superlattice region in 
the XRD patterns as shown in figure 3b. After the extended XRD scans using the high resolution setting, the 
superlattice peak belonging to both B2 and D03 at ~37° 2θ can be observed for 3m/s and 5m/s, but not for the 
other samples prepared at higher wheel speeds. Characterization of ordering in samples prepared using wheel 
speeds higher than 5m/s is beyond the limit of the current technique. There have been attempts to use XRD to 
quantify the ordering degree in Fe-6.5%Si the literature [26, 27]. However, most of the studies were done in heat 
treated samples where a large amount of ordered phase was present. In addition to limited intensities revealed, 
the presence of preferred orientation can further add difficulties to observe the superlattice peaks. In the θ - 2θ 
XRD set up, the sample is usually lying flat on the sample stage. The stationary sample position defines the 
stationary sample orientation, therefore the XRD pattern inevitably contains texture information which could 
significantly affect the relative intensities of each peak observed.  
 
 
Figure 3. (a) Full XRD scan of samples melt-spun at different wheel speeds and (b) 30°-40° local extended time XRD 
patterns. 
 
3.3 TEM selected area diffraction analysis  
TEM selected area diffraction (SAD) has been presented by a number of works [6, 28-30] to identify the presence 
of B2 and D03 superlattice ordering. In TEM, if the specimen is tilted along the <110> zone axis, the characteristic 
diffraction spots belonging to B2 (200), D03 (200), and D03 (111) may appear as shown in figure 4f. The appearance 
of the red (111) spots is therefore correlated with the presence of D03 ordering. The (200) spots belong to both B2 
and D03. The (200) spots can be used for the characteristic diffraction spots for B2 ordering only when D03 (111) 
spots are not present. In figure 4, the SAD patterns for the samples melt-spun at a number of wheel speeds are 
shown. The D03 characteristic diffraction spots are only present in the low wheel speed samples, and start to 
disappear for wheel speeds higher than 10 m/s. B2 superlattice spots are faded but still present even in the sample 
melt-spun at 30m/s. It is apparent that the wheel speed controls the varying degree of order in the samples, where 
D03 is fully suppressed and B2 is partially suppressed for the sample melt-spun at 30m/s. This result is consistent 
with the study reported by Viala et al. [30] and Ouyang et al. [14].  
 
Figure 4. <110> TEM selected area diffraction patterns of the samples melt-spun at different speeds (a) 1 m/s; (b) 5 
m/s; (c) 7 m/s; (d) 10 m/s; (d) 30 m/s; (e) simulated SAED patterns indexing the spots belong to A2, B2 and D03 
phases.  
 
3.4 Synchrotron transmission XRD analysis 
The XRD patterns using the synchrotron radiation are shown in figure 5. The high signal strength from the 
synchrotron source does increase the signal to noise ratio, as the (200) superlattice peaks belonging to B2 and D03 
at Q ~ 22.2 nm-1 show up in the patterns. This superlattice peak is almost non-existence in the 30m/s samples and 
begins to gain intensity when the wheel speed is decreased, as can be seen in the regional plot in figure 5b. The 
increase in the intensity of the superlattice peak suggests an increase in the ordering of the samples. It also 
indicates that the ordering reaches a maximum at 5 m/s then slightly decreases at 3 m/s. It should be noted that 
the relative intensities of the peaks in figure 5 are greatly affected by the texture of the samples as the samples are 
positioned stationary and perpendicular to the incident beam. Therefore, the attempt to quantify phase fractions 
using relative intensities is not viable. In figure 5a, the relative intensities for the first two major peaks, i.e. (200): 
(110), are around 0.6 for most samples, but for a randomly oriented sample this number should be 0.15 referring 
the Pearson crystal database (reference number 1522334). This suggests that the samples are mostly oriented with 
(100) out of plane texture. It appears that the orientation is so strong that the (111) peaks belonging to D03 (111) 
at Q = 19.2 nm-1 do not appear in the patterns for any of the wheel speeds.   
 
 
Figure 5. XRD patterns of the samples melt-spun at different wheel speeds using synchrotron radiation, (a) relative 
intensities versus scattering vector in the 15-60 nm-1 range showing the main peaks; (b) regional plots showing the 
superlattice peaks.  
 
3.5 Rotating crystal transmission XRD 
TEM SAD is viable for identifying the presence of ordered phases. However, the diffraction spots do not contain 
enough information to quantify the amount of the ordered phases. In addition, TEM is also time consuming and 
cost ineffective. XRD using high energy X-rays such as synchrotron radiation seems plausible, but the access to 
such facility is limited. To investigate the amount of the ordered phases or the degree of order, a new method is 
needed. X-ray diffraction is a technique that can quantify the amount of phases present, but the limitations of the 
θ - 2θ method described above make it difficult for this purpose. In this study, rotating crystal transmission XRD 
has been adopted to study the degree of ordering present in these melt-spun ribbons.  
The technique reported here uses Mo as the radiation source, which limits the fluorescence generated by the Fe-Si 
sample, resulting in a higher signal-to-noise ratio. A focused beam and 2D image plate detector in a transmission 
type geometry have been employed which minimizes the angular divergence and sample displacement errors, 
resulting in increased intensities at low angles. During the experiment, the specimen is also tilted continuously and 
the intensities recorded in the 2D image plate is integrated. The resulting 2D XRD ring patterns are shown in figure 
6 for a number of wheel speeds. In the 2D images, the appearance of D03 characteristic rings appearing in lower 
wheel speeds and disappearing in higher wheel speeds can be clearly observed. It is apparent that D03 appears 
when the wheel speeds are below 10 m/s, which is consistent with the TEM SAD results.  
Integration of the diffraction rings results in 1 dimension relative intensity versus 2θ XRD pattern shown in figure 6. 
Since the entire Debye rings are used for intensity integration, the effect of texture is minimized. In fact, the 
relative intensity between the (200) and (110) peaks for these patterns are around 0.13-0.16, matching the values 
of a randomly orientated sample, which should be 0.15. The relative intensity of characteristic peaks can be used 
to quantitatively evaluate the relative amount of each phase present. It can be seen from figure 7a that the 
intensity of the D03 (111) peaks continues to increase with lower wheel speeds, which indicates an increase in D03 
ordering with a decrease in wheel speed. The long range order parameter (LROP) of the sample, shown in figure 7b, 
can be obtained by taking the relative intensities of the D03 (111) and bcc (110) peaks, and comparing that to the 
relative intensities of the pure D03 (111) and D03 (220) peaks. LROP provides a quantitative estimation of the 
degree of order of the sample, which directly relates the amount of ordered phase present, and has been used by 
a number of researchers [27, 31]. It can be seen from figure 6b that the LROPs for melt-spun Fe-6.5%Si remain 
around 0.2 for wheel speeds of 10 m/s and above, then quickly double to 0.4 for the 7 m/s sample. The LROP 
continue to rapidly increase until it reaches 0.9 and above for samples melt-spun at 3 m/s and 1 m/s. The increase 
in the intensities of superlattice peaks with decreasing wheel speeds is in good agreement with the synchrotron 
XRD results shown in figure 5. The large jump in LROP from 5 m/s to 3 m/ is likely due to the instability of the melt 
pool when low wheel speed is used. The samples are mostly long ribbons for wheel speeds 5m/s and above, but 
become mostly splashes for 3m/s samples. The instability of the melt pool can result in large fluctuation in cooling 
rates as shown in figure 2 for 3m/s sample with large error bar.  When the speed is decreased to 1m/s, the further 
instability of the melt pool results in splashing and the formation of almost exclusively globular or spheres. The 
thick globulars or spheres allow sufficient time during the solidification and the subsequent cooling for the ordered 
phases to nucleate and grow, therefore achieving a high degree of order in the 1m/s samples. An attempt has been 
made to annealing the 1m/s to increase the ordering degree, however, the temperature is either too high that 
results in the formation of single large grain throughout the sample which is not suitable for this technique, or too 
low to initiate sufficient growth of D03 phases.  
 
Figure 6. 2D XRD ring patterns of the samples prepared at different speeds, (a) 1m/s; (b) 5m/s; (c) 10m/s; (d) 
20m/s.   
  
Figure 7. (a) Integrated relative intensity versus 2θ plots for samples melt-spun at different speeds; (b) Plot of long 
range ordering parameter as a function of wheel speeds.   
3.6 Magnetic thermogravimetric analysis (M-TGA) 
Thermogravimetric analysis coupled with a pair of strong magnets is often used to characterize the thermal and 
magnetic behavior of materials. figure 8a shows the M-TGA curves of the samples for a full heat and cool cycle. All 
samples lose apparent mass on heating and reach a steady state above 700°C, typical of a magnetic material 
undergoing a ferromagnetic to paramagnetic transition during M-TGA analysis. Heating promotes the thermal 
fluctuation of the atoms which works against magnetic ordering, resulting in loss in magnetic susceptibility. This is 
clearly shown in figure 8b where the magnetization drops with temperature via a VSM measurement for both the 
as spun and annealed samples. Since the sample is attracted by the magnets positioned below the sample, the loss 
in magnetization reflects in the TGA curve as loss in net mass. Depending on the net amount of magnetization 
compare to net initially sample mass, the relative mass as displayed in figure 8a can be either positive or negative. 
The Curie temperatures are not affected by the different degrees of cooling attained at different wheel speeds. 
The Curie temperature is approximately 700°C for all samples as determined by the endpoint or extrapolated onset 
upon heating method [32]. This Curie temperature matches the Curie temperature depicted from the Fe-Si phase 
diagram for 6.5% of silicon [33]. Assuming, all phases (A2, B2, D03) have similar Tc, all samples should possess the 
same compositions, i.e. Fe-6.5%Si. This is consistent with the XRD results that all the lattice parameters for all the 
samples are the same.  
In the M-TGA curves, there are apparent differences in the rates of the weight losses for different samples. The 
mass drop is greater and more gradual for samples prepared with higher wheel speeds than the samples prepared 
with lower wheel speeds. For the 30 m/s sample, the mass of the sample gradually decreases from ~100°C to 
~600°C, then sharply decreases from 600°C to 700°C. The total relative mass loss of the 30 m/s sample reaches 
~175% compared to the initial net mass. For the 1 m/s sample, the mass is nearly constant until Curie temperature 
is approached. The total relative mass loss of the 1 m/s sample, 30%, is much smaller than the 30 m/s sample. The 
gradual drop in magnetization with increasing temperature is likely due to the sample consisting of multiple phases, 
in this case, disordered A2, and ordered B2 and D03 phases. Similar phenomenon was also observed on Fe-Si of 
different compositions by others [34]. In Fe-6.5%Si melt-spun ribbons, D03 can be fully suppressed, while B2 can 
only be partially suppressed by wheel speeds higher than 10 m/s as reported by our earlier work [14] as well as 
demonstrated by the TEM diffraction pattern in figure 4. The samples melt-spun at wheel speeds of 10 m/s and 
above contain a mixture of disordered A2 phase and ordered B2 phase, with minimal D03 phase. On the contrary, 
the samples melt-spun at lower wheel speeds possess a higher degree of ordering as demonstrated by the rotating 
crystal XRD results shown in figure 7, which suggests they mostly consist of B2 and D03 ordered phases. Therefore, 
the onsets of mass losses are shifting towards higher temperatures for ribbons melt-spun at lower wheel speeds 
due to their higher ordering degree.  
 
Figure 8. (a) Magnetic TGA curves of the samples melt-spun at different speeds; (b) Magnetic moment vs. 
temperature measured for 30m/s as spun sample and post-annealed 30m/s sample measured at 1Tesla field. 
 
The relative mass losses also show a significant difference between the samples. The relative mass loss is large for 
samples melt-spun at higher wheel speeds, and shifting towards lower values with decreasing wheel speeds. 
According to the Fe-Si phase diagram [33], for 6.5%Si, D03 is the stable phase below ~650°C. In addition, D03 
nucleation and growth are reported to be responsible for high permeability [35], leading to higher flux density 
under a weak magnetic field. Previous results [14] show that a field of around 1 KOe is needed to saturate the 
samples along the sample plane direction due to the demagnetization field. In the M-TGA, the field is applied 
perpendicular to the sample plane, where a more significant demagnetization field is present. Therefore, the ~1 KG 
magnet used here is not sufficient to saturate the samples. The increase in permeability will result in higher 
magnetization for the samples. The increase in magnetization is confirmed by the M-TGA curve in figure 9, which 
shows a continuous increase in mass during the 650°C isothermal hold. For the current M-TGA set up, higher flux 
density leads to higher apparent mass. Therefore, for the samples melt-spun at high wheel speeds, D03 ordering is 
likely taking place during the heating segment, resulting in an increase in magnetization. Conversely, the 
magnetization is decreasing with temperature due to the thermal fluctuation of the atoms. The net effect for the 
D03 ordering during heating thus displays in the TGA curve as gradual and large decrease in mass as for the 30m/s, 
20m/s, 10m/s, rather than a rapid and small mass loss for that of 5m/s, 3m/s and 1m/s samples. A larger amount 
of ordering occurs during the heating means there is less ordered phases in the sample to start with, and the 
amount of mass loss, therefore, can be served as an indication of the amount of ordered phases in the samples. It 
should be noted that the ordering process should be dependent on the heat/cool rate of the measurement. With 
relative fast heat/cooling, i.e. 10°C/min used in this study, the ordering starts only at high temperatures. The 
relative fast heat/cool rate also resulted in small hysteresis being observed.  
 
Figure 9. 650°C isothermal TGA curve of the sample melt-spun at 30m/s.  
4 Conclusion 
Fe-6.5%Si were prepared via melt spinning technique using various wheel speeds from 1m/s up to 30m/s. Thermal 
imaging analysis quantified the cooling rates to wheel speed values, which range from 104 K/s for the sample melt-
spun at 3 m/s to 106 K/s for the samples melt-spun at 30 m/s. The varying cooling rate induced a varying degree of 
order of the Fe-6.5%Si samples, which were characterized by a number of methods including TEM, normal θ - 2θ 
XRD, rotating crystal transmission XRD, and magnetic thermogravimetric analyses. TEM qualitatively identified the 
occurrences of D03 when the wheel speed is reduced. However, TEM is costly and challenging to extract any 
quantitative information. Normal θ - 2θ XRD is useful to determine the lattice parameters of Fe-6.5%Si and thus 
provide guidance on the chemical composition. However, the superlattice peaks unique to the ordered phases are 
not strong enough to appear on the XRD pattern. Rotating crystal transmission XRD generates sufficient signal for 
the superlattice peaks and is not affected by texture, therefore relative intensities can be used for quantification. 
The magnetic thermogravimetric analysis allows the recording of the magnetic ordering that is taking place during 
the heating portion of the analysis, therefore indirectly provides quantitative information about the ordering that 
took place during the melt spinning. The proposed rotating crystal transmission XRD and the magnetic 
thermogravimetric analysis are effective characterization methods to quantify the degree of order present in the 
melt-spun Fe-6.5%Si samples, which is beneficial for studying and monitoring the ordering phenomenon in Fe-
6.5%Si.  
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1. New cooling rates data on melt spun Fe-6.5%Si ribbons.  
2. Varying degree of order achieved on the Fe-6.5%Si ribbons.   
3. New techniques charactering Fe-6.5%Si ordering proposed.  
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